Electronic Supplementary Information (ESI) available: Movies demonstrating progeny washing. Worm 14 development and arena optimization information. Protocol for lifespan assay in a microfluidic device.
introduce reagents as needed. Culture maintenance and liquid manipulation are performed 48 with simple hand-held syringes to facilitate integration of our technology into general 49 laboratory protocols. Additionally, device geometry and feeding protocols were designed to
I. Introduction
WorMotel technologies is disconcerting as FUdR has been shown to activate stress response 92 pathways 24, 25 , increase fat accumulation 26 and alter lifespan in some genotypes 24, 26, 27 .
93
Additionally, current technologies like LSM and WorMotel lack the capability to study the 94 effects of temporary environmental manipulations on lifespan. Such manipulations at user-95 defined time intervals have been central to studies on dietary restriction 28 and cognitive 96 aging 29 . Currently, traditional studies and high-throughput lifespan technologies do not have 97 the capacity to quickly and reversibly manipulate environmental conditions, limiting their utility 98 to survival analysis on animals exposed to a singular environment.
99
In recent years, microfluidic approaches have begun to address the limitations of agar-based 100 lifespan assays [30] [31] [32] [33] [34] . Several key advantages of using PDMS-based microfluidics include (i) Table 1 ). NemaLife is a simple and cost-effective platform that integrates an optimized 138 micropillar arena enabling animals to adopt a crawling gait similar to that of worms on agar 139 medium while also acting as a sieve to retain adults and prevent fluid-induced injury when 
II. Results and Discussion

149
A. Optimization of the NemaLife device-design and culture conditions 150 C. elegans lifespan measurement in a chip environment requires optimization of environmental 151 conditions to limit triggering of stress resistance pathways that can influence lifespan and alter 152 longevity. Given that the microfluidic environment is not yet a standard laboratory 153 environment for C. elegans culture and lifespan assessment, our efforts were focused on device 154 design and culture conditions that yield reproducible lifespans that match those of C. elegans 155 reared on NGM plates.
156
Basic device design. We designed the NemaLife culture device ( Fig. 1 a-d ) based on the criteria 157 that it includes (i) a means to introduce young adult animals and house the growing animals in 158 the device until their death; (ii) the capacity to effectively remove progeny while retaining 159 adults; (iii) a design that facilitates a crawling gait similar to animals moving on agar plates; and 160 (iv) the ability to add food and/or reagents at user-defined times. These criteria were achieved 161 by designing a worm habitat chamber that contains a micropillar lattice (Fig. 1b,c ) that allows 162 worms to crawl rather than swim, thereby eliminating swim-induced stress 40 . Sieve channels 163 ( Fig. 1d ) on the sides of the habitat chamber (see red arrows in Fig. 1b ), prevents young adults 164 from escaping the arena but allows efficient passage of eggs, larval-stage animals (L1, L2) and 165 bacterial debris. Adjacent to the sieve channels, two side-ports (see black arrows in Fig. 1b) 166 enables progeny washing, introduction of reagents or food, and purging of air bubbles trapped 167 within the channels or micropillar arena. Fluid manipulation is performed manually using hand-168 held syringes to make the device accessible to a wide range of laboratories. Worm habitat 169 chambers are designed to have an approximate footprint of  60 mm 2 for a population size of 170 10-15 animals (4-6 mm 2 per animal), compared to an average footprint of 2828 mm 2 in 171 standard studies on agar for 30 -50 animals (60-90 mm 2 per animal). We were able to 172 accommodate nine of these chambers on a 5075 mm 2 glass slide ( Fig. 1a ) that could produce 173 survival data on  100 animals.
174
The geometry of the micropillar lattice in the NemaLife chamber is crucial for successful 175 measurement of lifespan of C. elegans. The lattice structure needs to accommodate significant individual variations in growing body size during reproduction and aging, maintain the natural crawling gait of C. elegans, and allow removal of progeny while retaining the young adults. To 178 identify the optimal micropillar lattice that simultaneously meets these requirements, we 179 fabricated devices with square arrangement of pillars with different pillar diameter (a) and gap 180 (s). The nominal dimensions we tested are: Device I, a = 40 μm, s = 60 μm; Device II, a = 50 μm, 181 s = 80 μm and Device III, a = 60 μm, s = 100 μm. The measured dimensions of the three pillar 182 devices are reported in Table S1 . During the greatest period of growth, C. elegans body 183 diameter varies from ~50 -100 µm and length varies from ~900-1500 µm. Thus, Device I 184 provides the tightest, and Device III the leanest, confinement for the animals during the lifespan 185 measurement. In all the devices, the pillars had a uniform height of  75 μm and a clearance 186 from the floor of the habitat chamber of approximately  25 μm, allowing pillars to be moved 187 aside by the animal to adjust gait and accommodate further growth. These pillar geometries 188 and clearance facilitates progeny removal and makes it difficult for adults to escape during 189 washing. After some initial trials, we incorporated a sieve channel design ( Fig. 1d ) containing 190 rectangular blocks of 750 μm100 μm and separated by a gap of 25-30 μm in the three devices 191 to effectively prevent accidental removal of adults.
192
Optimization of worm culture conditions. We established culture maintenance protocols to 193 achieve robust and reproducible lifespan data while increasing overall efficiency of aging 194 studies. Initially, we focused on identifying the optimal washing conditions needed to remove 195 all progeny. To do this, we cultured reproductive adults for 24 hours within the NemaLife device 196 to allow progeny production and growth. Progeny were removed manually using gentle fluid 197 flow, using the loading port of the device in 200 µL aliquots of S-complete. Figure 2a shows the habitat chamber with adults and their progeny (see SI movie 1). After 199 washing the retained adults are shown in Fig. 2b . Pillar environment helps worm adopt crawling 200 gait inside the chamber ( Fig. 2c ) and stop being carried away with the flow. Even if the animal is 201 already near the exit, sieve channel retains them inside the chamber (Fig. 2d ). Fig. 2e shows the 202 fraction of progeny removed (solid symbols) and the number of adults retained (open symbols) 203 plotted against the wash volume. We find that no adult worms were lost, and all progeny were 204 effectively removed using a total wash volume of 1 mL for three different loading conditions in the tightest lattice design (see SI movie 2). The washing operation took approximately 90 206 seconds. All trials were successful in removing progeny with this protocol, except when there 207 was bagging, in which case more repeated washes (2-4 mL) were necessary to remove the 208 bagged mother or the resulting advanced larval stage progeny. We note that during the 209 washing process, animals in the chamber respond by exhibiting faster crawling momentarily, 210 probably due to the stimulation by fluid forces during washing and feeding (see SI movie 2 and Device I) also showed that 1 mL of wash volume is sufficient for efficient clearance of progeny.
218
Next, we sought to establish a robust feeding protocol that generates lifespan data consistent 219 with previous reports since specific nutrient sensing and longevity pathways can be affected by 220 environmental conditions in addition to resource availability. E. coli OP50 bacteria suspension is 221 the standard diet for laboratory culture of C. elegans in liquid culture. Previous lifespan studies 222 in multiwell plates 16,45 and microfluidic devices 30,33 used a bacterial concentration of 10 9 -10 10 223 bacterial cells per mL of S-medium, a concentration equivalent to 100 mg mL -1 OP50 45 . In these 224 studies, food was added to the microfluidic devices either continuously 33 or once a day 30 . We 225 used these previous results as a starting point to optimize the feeding protocol and evaluated 226 the lifespan of young adult animals in the tightest geometry that were fed 100 or 200 mg mL -1 227 E. coli OP50 at various time intervals ( Fig. 3 a,b ). Worms fed intermittently (every other day) at 228 100 mg mL -1 had an overall extended lifespan and high death rate during reproduction, 229 consistent with previous studies on intermittent fasting 46,47 . Alternatively, more frequent 230 feeding (twice per day) did not significantly alter lifespan or age-dependent changes in body 231 size (see SI Fig. S1 ). Fig. 3b shows that animals fed once a day at 100 mg/mL or 200 mg/mL had 232 similar survival curves. However, bacterial solutions at 200 mg mL are turbid, therefore using lifespan assays in the NemaLife device by feeding 100 mg mL -1 of concentrated E. coli OP50 235 once every day. Additional validation studies (see Sec. II.B.) further support that this feeding 236 regimen is optimal for C. elegans culture and lifespan assays in our microfluidic devices.
237
Selection of the optimal micropillar arena geometry. We fabricated devices with three 238 different micropillar arena geometries such that the gap between pillars in Devices I, II and III 239 are s = 60, 80 and 100 µm, respectively. Given that the mid-length body diameter can reach as 240 high as 95 µm in older adults (see SI Fig. S1 ), the animals in Device I and II are constrained, but 241 in Device III they are not. We measured the crawling gait in terms of wavelength, amplitude and 242 crawling speed in the three devices on day 4 and day 8. The amplitude and wavelength 243 corresponding to the worm undulatory motion in the three devices were similar ( Fig. 4a ).
244
Comparing these data with that for crawling animals on agar 48 , we find that the amplitude are 245 similar 49 , however, the wavelength is about 30% higher on agar. We found that animal crawls in 246 Device III with a very similar speed to that of crawling on agar surface 48 . In the previous section, we optimized the progeny removal conditions, feeding regimen and 255 micropillar geometry to achieve efficient culture of the worms and reproducible lifespan data.
256
In this section, we discuss studies that were conducted to validate our microfluidic approach for 257 lifespan measurement in C. elegans. Specifically, (i) we compared the lifespan data for animals 258 cultured and maintained in our microfluidic devices versus those maintained on agar plates, (ii) 259 we compared the stress induced in the liquid culture environment of the microfluidic device to 260 that on agar plates, (iii) we measured lifespan of mutants with known aging pathways, and (iv), 261 we tested efficacy of RNAi interventions in the device.
Comparison of C. elegans lifespan in device and on agar. To evaluate if our optimized 263
NemaLife device generates C. elegans lifespan data consistent with that of standard agar plate 264 assays we conducted parallel lifespan analysis of young adults using established protocols.
265 Figure 5a shows that housing worms in NemaLife does not significantly alter lifespan (p>0.11).
266
The mean (st. dev.) and maximum lifespan from three replicates on agar were 17.5  3.8 and 24 267 days respectively. Likewise, the mean (st. dev.) and maximum lifespan in the microfluidic device 268 were 17.2  3.4 and 24 days, respectively (see Table S2 for actual data).
269
Although, we find that the lifespan curves are in good agreement between NemaLife and agar 270 assays, we find significant differences in loss of animals. On agar with wild-type animals, we 
279
We find that NemaLife eliminates the incidences of animal loss from desiccation and burrowing 280 due to culturing in an enclosed microfluidic chamber. We found 0 -6 % animal loss in NemaLife 281 which was due to washing mistakes (human error for not plugging the loading port which lacks 282 a sieve channel or when high pressure is applied for fluid flow and animals close to the sieve 283 channel squeeze out). Animal loss/censoring from bagging was 1 -6% in NemaLife compared to 284 about 2 -10% on agar plates.
285
We also evaluated whether worm culture in the liquid environment of the microfluidic device 286 induces environmental stresses such as starvation in the animals. To assess this, we chose a 287 strain that expresses the stress reporter DAF-16::GFP 51 , which exhibits DAF-16 nuclear 288 localization under caloric restriction, heat or oxidative stresses 52-54 . We find that the strain 289 harboring this reporter (TJ356) exhibits similar lifespan on both agar plates and in the microfluidic device, indicating that culture in the liquid environment of the microfluidic device 291 does not induce deleterious effects on lifespan of the reporter strain ( Fig. 5b) .
292
We then performed fluorescence imaging to assess DAF-16 localization. As a test of the 293 reporter we exposed the animals in the device to 37 o C for 20 mins and find induction of DAF-294 16 localization (see the bright spots in the inset image of Fig. 5c-i) . In the device at 20 o C,day 3 295 and day 8 animals, or on agar at day 8 animals did not exhibit such DAF-16::GFP localization 296 (see images in Fig. 5c -ii, iii, iv). Thus, although animals cultured in our microfluidic device can 297 induce stress responses similar to those cultured on agar, the standard growth conditions we 298 use do not elicit daf-16-dependent stress responses.
299
Over the course of the study, we conducted 20 separate lifespan assays of WT worms in the 300 NemaLife device (Fig. 6 ), allowing us to account for seasonal changes in laboratory 301 environments. We find that variation in lifespan is limited to 13%, a level of replicate variation 302 comparable to that found in lifespan assays conducted in LSM technolology 50 .
303
Lifespan studies using mutants and RNAi interventions. To further test our NemaLife device, 304 we sought to replicate phenotypes of well characterized long-lived and short-lived mutants. As 305 a starting point, we chose established long-lived genetic mutants: insulin signaling mutants daf-306 2(e1370) (insulin receptor reduction of function mutation 55 ), age-1(hx546) 307 (phosphatidylinositol-3-OH (PI3) kinase reduction of function mutation 56 ) and eating-impaired 308 dietary restriction mutant eat-2(ad1116) 57 . We also tested the short-lived, insulin signaling 309 mutant, daf-16(mgDf50), lacking the FOXO transcription factor homolog 58,59 .
310
Consistent with previous reports, daf-2, eat-1 and age-1 mutants exhibited robust extension of 311 maximum lifespan (87%, 33-50%, and 17%, respectively) in the microfluidic environment ( Fig.   312 7a,b; see Table S2 for actual data). Similarly, lifespan analysis of short-lived, daf-16 mutants is 313 consistent with previous studies (20% reduction in maximum lifespan). We note that we found 314 the maximum lifespan of daf-2 to be 44 days, which demonstrates that the microfluidic culture 315 environment can adequately support long duration longevity studies in C. elegans.
316
We also tested whether rapid genetic screens through the use of RNAi can be pursued in the 317 NemaLife device. In C. elegans RNAi knockdown can be achieved by feeding them bacteria that harbor clones expressing specific double stranded RNAs 60,61 . In Fig. 7c we show the survival 319 curves from RNAi intervention studies including the empty vector control PL4440, which does 320 not have any fragment cloned into it. Compared to this control, we found 25% extension and 8 321 % reduction in lifespan of age-1 and daf-16 respectively (3 replicates), suggesting that the 322 NemaLife microfluidic environment is conducive to RNAi studies. We conclude that NemaLife 323 can both support long term culture of C. elegans and document longevity outcomes that 324 parallel those reported on agar plates. to date scored this healthspan measure (see Table 1 ). Instead, specialized devices have been 339 used for measuring pharyngeal pumping 65 .
340
Using our NemaLife platform, we confirm previous reports of age-dependent reduction of 341 pharyngeal pumping in wild-type C. elegans (Fig. 8) . Additionally, we observe temporal changes immediately respond by exhibiting a first reversal followed by a turn. Occasionally, we observe 377 brief interruptions in forward crawling motion that appears to be independent of the stimulus.
378
Inset of Fig. 9a shows the average (n = 5 animals) speed calculated from the different modes of 379 crawling. As expected, the first reversal shows the highest speed.
380
Using our NemaLife platform, we show that both reversal and forward speed varies significantly 381 with age and we find that reversal speed is always greater than forward speed in worms of all 382 ages ( Fig. 9b) . Most importantly, the rate of decline in reversal speed is accelerated at the end 383 of reproduction, specifically 50%, compared to a substantially smaller decline in stimulated 384 forward speed (17%). Interestingly, the decline in the stimulated reversal speed is correlated 385 with an equally rapid decline in survival rates following the reproductive period. These (a) Lifespan of long lived mutants daf-16(mgDf50), daf-2(e1370) and age-1(hx546). 2 trials and n > 160 for daf-2, 3 trials and n > 150 for age-1, 3 trials and n > 158 for daf-16 and 3 trials and n > 150 for wild type. (b) Lifespan extension of eat-2(ad1116) establishes lifespan device for its suitability to carry out dietary restriction (DR) experiments. 3 trials and n > 112 for eat-2, 3 trials and n > 76 for daf-16 and 3 trials and n > 86 for wild type. (c) RNAi efficacy establishes the ability of the lifespan device to capture the on-chip genetic modification. For RNAi efficacy fragments targeting daf-16 and age-1 were inserted into feeding vector L4440. Wild type C. elegans of day 3 were used in the experiment. n > 128 for daf-16, n > 110 for age-1 and n > 81 for empty vector. N=3 repeat trials.
Food: 100 mg E. coli OP50/mL S complete, feeding frequency: once/day. 
